Abstract At present, it is widely assumed that hyperandrogenism in female athletes confers an unfair competitive advantage. This view is perpetuated in current regulations governing eligibility of female athletes with hyperandrogenism to compete, which identify testosterone levels in the male range as the critical factor. Detailed evidence is presented here for the first time that genes for stature (and possibly other genes) on the Y chromosome are responsible for the increased frequency of 46,XY disorder of sex development (46,XY DSD) among elite female athletes identified by eligibility tests. In many cases, androgens are non-functional or, alternatively, absent and therefore testosterone cannot be responsible for their athletic success. Genetic variation has a major role in the selection of individuals for training and success in competition; however, this variation is not grounds for determining who should compete in athletic events. There is no convincing evidence to support the view that hyperandrogenism is associated with performance advantage in female athletes. Current time-consuming regulations may lead to the unwelcome resurgence of innuendo in the media and coercion of female athletes into accepting gonadectomy and other treatments to which they might otherwise not have been subjected. These regulations should be withdrawn on the grounds that they are not supported scientifically, are discriminatory towards women and place some female athletes at risk of unnecessary and potentially harmful investigations. Improved understanding about genetic factors that lead to selection in sport should offer reassurance that women with hyperandrogenism possess no physical attribute relevant to athletic performance that is neither attainable, nor present in other women.
that males on occasion may have masqueraded as female athletes at international events. Although the International Association of Athletics Federations (IAAF) and the International Olympic Committee (IOC) required female athletes to provide medical certificates for eligibility purposes beginning in 1946 and 1948, respectively [3] , the decision to make formal regulations for femininity control took place in 1964. The IOC considered this together with doping controls at the Olympic Games in Tokyo and set up a Medical Commission to deal with both issues. Arrangements for gender verification, which were introduced at several international events in 1966, consisted of physical examinations that were deeply resented by athletes as being both demeaning and unacceptable. The IOC responded in 1968 by introducing the sex chromatin test that distinguishes the sex chromosome status of XX women from XY men. Sex chromatin continued to be used at all major international events until the Olympic Games in 1992 at Albertville and Barcelona, where DNA tests were used instead. DNA was used again at Lillehammer in 1994 and at Atlanta in 1996, but in view of the strong opposition from medical specialists, the IOC agreed in 1999 to suspend compulsory tests based on sex chromosomes at the 2000 Olympic Games in Sydney [4] . The history of these events is well documented in many publications [5] [6] [7] [8] [9] [10] [11] .
It will be appreciated that failure to pass the sex test had devastating effects on the unsuspecting athletes. None had doubts about their femininity and the discovery that they were genetic males with X and Y chromosomes came as a severe shock. As part of their 1968 protocol, the IOC Medical Commission required the athletes to undergo chromosome analysis, gynaecological examination and hormone tests before determining whether or not they were eligible to compete. Although some would have received their femininity certificates after completing these investigations, others were so distressed that they chose to withdraw from competition without further evaluation. As a result a number have been prevented unjustly from competing and have suffered personal and sometimes public humiliation [12] . Additional sex discrimination is evident from the regulation that required all female athletes to sign a statement accepting the arrangements and absolving the organisers from responsibility should an athlete be debarred in error.
In a response made to the British Olympic Committee declining an invitation to undertake sex chromatin testing for the Commonwealth Games at Edinburgh in 1970, Ferguson-Smith observed that there was a greater probability of detecting an unsuspecting female with androgen insensitivity syndrome (AIS) than a male imposter [13] . Also, if female athletes found physical examination unacceptable, it would be wiser to drop gender verification as a criterion of eligibility than to use a wholly inappropriate test. The same view has been expressed by a number of medical geneticists and others [8] [9] [10] [11] , and has been fully substantiated by events up to the present.
Since formal tests for female eligibility were introduced in 1966, no man has been identified in a women's event at international competitions. Despite the unfairness of the tests, this could be regarded as a success for femininity control were it not for the allegation that a man was included in an Asian volleyball team at the Olympic Games at Munich in 1972. It is said that the unidentified man exchanged passports with a woman who took the sex chromatin test on his behalf [14] . No test is likely to detect such a determined imposter. While imposters have not been detected, a substantial number of female athletes with a presumptive XY sex chromosome complement have been identified by eligibility tests. These cases fall into the category of disorders of sex development (46,XY DSD), previously termed intersex [15] . They are rare in terms of a population frequency of less than 1:20,000 [10] but are relatively common among top class athletes, occurring in at least 1 in 421 female athletes. This informal estimate is based on data from 11,373 female athletes accessed through personal communication with colleagues involved in testing and from the summaries of results available after various international events (including one personally supervised) [11] . The estimate is confirmed in the official account of testing the 3,387 female athletes at the 1996 Olympic Games in Atlanta, where 1 in 423 failed gender verification [10] . These results seem to suggest that individuals with 46,XY DSD have a competitive advantage over women with an XX sex chromosome complement who pass the eligibility tests. However, there is no evidence that these athletes possess any physical attribute relevant to athletic performance that is neither attainable nor present in 46,XX women. This view was held by the IAAF in 1992 [8] and is consistent with recent scholarship [16] .
Natural Selection for Genetic Variants: Stature and Athletic Performance
It is worth considering the relationship between increased stature and performance in 46,XY DSD athletes who have been most often identified by eligibility testing. The majority of these cases have AIS, in which testosterone is non-functional, and therefore their performance cannot be due to testosterone. Other athletes with incomplete androgen insensitivity (IAIS), 5a-reductase deficiency, and those who have undergone sex reassignment from male to female have been known to have had bilateral orchidectomy as part of their medical treatment well before entering competitive sport; for example, at the 1996 Olympic Games (see below) [10] . Their performance also cannot be attributed to testosterone. Further, athletes with IAIS appear to have no additional advantage over those with complete AIS. It is well known from dose response studies in men that there is a relationship between supraphysiological doses of exogenous testosterone and muscle mass and strength [17, 18] . However, as far as we are aware, no such relationship between endogenous testosterone levels and muscle mass and strength has been established for women or, in particular, for female athletes. On the contrary, a recent study of hormone profiles in 693 post-competition elite athletes suggests that serum testosterone is not related to athletic performance in women [19] . Despite the lack of support for the supposed effect of testosterone, the new regulations on female hyperandrogenism that now replace the rules for gender verification perpetuate the view that testosterone levels are the critical factor [20, 21] . While the use of high doses of anabolic steroids has been shown to lead to performance enhancement in both male and female athletes, the regulation of these substances falls under anti-doping controls and is not relevant to the consideration of endogenous levels of testosterone in women [21, 22] .
Ferguson-Smith has previously expressed the view that genes for increased stature on the Y chromosome, rather than the level of testosterone, may play a key role in the apparent competitive advantage of elite female athletes with 46XY, DSD [11] . Other less obvious Y sequences may also play a part, as regulatory sequences on the Y chromosome appear to increase the expression of some autosomal genes involved in male development [23] . XY men have greater lean body mass (LBM) than XX women [19] and this is likely to be the case in XY DSD female athletes. Strong evidence for height, which correlates with LBM (see [19] ), is provided by the results of gender verification reported from the Centennial Olympic Games at Atlanta in 1996 [10] . Of the 3,387 female athletes competing at Atlanta, eight (1:423) were SRY (sex-determining region of the Y chromosome) positive (i.e., had presumptive 46,XY chromosomes) on DNA testing. Seven of the eight had AIS, complete in three and incomplete in four, and one case had 5a-reductase deficiency. Bilateral gonadectomy had been performed in six of the eight and so testicular testosterone could not have led to any perceived advantages in performance. All eight athletes, including one with AIS and the other with IAIS whose testes were not removed, passed the clinical and laboratory investigations and were granted eligibility certificates. Of particular interest, the eight cases had heights ranging from 167 to 184 cm with a mean of 175 cm, all close to the normal male range (174.7 cm, SD 6.7) but not outside the female range for height [4] . The athlete with 5a-reductase deficiency was 184 cm in height; others with the same condition are also known to be tall [24] .
These findings are consistent with other evidence that the Y chromosome has genes for stature [25, 26] . For example, a group of 23 female patients with AIS from the general population are reported to have a mean height of 172.2 cm (SD 6.5) compared with normal females with a mean height of 162.2 cm (SD 6.0) [27] . In comparison, a series of 33 male patients with 46,XX testicular DSD have an average adult height of 166.4 cm (SD 7.4); i.e., within the female range. The short stature in the XX DSD males is evident despite the post-pubertal secretion of testicular androgens responsible for their masculinisation [25] . There is no suggestion that they have any particular athletic ability. Thus, in these DSD patients not selected for athletic ability, height is determined by genes on the Y chromosome and not by the action of androgens. There is additional strong evidence for stature genes on the Y chromosome in 31 individuals with the 47,XYY syndrome [28] , where the double dose of Y chromosomes is associated with a mean height of 185 cm (SD 7.0). It is not known if 47,XYY cases have occurred among elite male athletes.
The evident association between height and the athletic performance of female 46,XY DSD athletes is best understood from the procedures that have evolved in the selection of young people for participation in competitive sport. It is natural that tallness is an advantage to the athlete in many events. Team sports such as basketball, netball and volleyball are notable examples where stature is especially important in relation to sports performance [29] [30] [31] . Potential athletes will be attracted to sports where they perceive themselves to have an innate advantage, such as height, over others. Likewise, sports coaches will encourage those with advantage in height, and will tend to select them for special training to improve their strengths and skills. Success in events at the club level can lead on to success at national level and eventually to international events including the Olympic Games.
Genetic variation is responsible for most phenotypic differences among athletes, involving both physical and neurological attributes, and these are modified by experience and by environmental factors including diet and physical training. This genetic variation helps to determine the ability of an athlete in a particular sport and is important in their selection. The genetic component in the case of sex segregation in sport seems largely provided by the Y chromosome. Also, in women, a double dose of genes on the X chromosome may contribute to female bodily habitus, and evidence for this has been reported from studies of children with sex chromosome DSD [32] . Genes on many other chromosomes are known to influence height; for example, those involved in Marfan syndrome [33] . Variation in many genes located throughout the genome (for example, the gene for angiotensin-converting enzyme) are now documented as contributing to sport performance, particularly in endurance events [34] . Nonetheless, these genetic factors are not singled out as important determinants in eligibility to compete. Evidence has also been presented regarding the importance of other genetic variations that may confer advantage in sport, but which are not subject to regulation [35] [36] [37] .
It is not suggested here that athletes should be segregated in sport by any genetic factor, including genes controlling height, whether located on the Y or on any other chromosome. However, exceptions occur in boxing and weightlifting events, for example, where athletes are segregated into classes according to their weight; this is traditional and has not been questioned. It is likely that failure to recognise that height increases the chance that an athlete with 46,XY DSD will be positively selected for competition can be attributed to the decision by the IAAF and IOC, on the grounds of confidentiality, not to divulge details of those who had failed gender verification tests. A specific request for anonymous information about clinical findings in athletes (and the events in which they participated) who had failed femininity tests was made in the Report of the Monte Carlo Workshop convened by the IAAF in 1990 to give advice on changes in gender verification [11] . However, the IAAF and IOC Medical Commission ignored this request. The information could have reassured specialists in sports medicine and the athletics community that their previous anxieties about intersex and sex reversal were misplaced. DSD disorders could have been recognised as extreme examples of the genetic variation that underlies the selection of individuals for competition in all sports. It is hoped that the IOC Medical Commission will reconsider and release an analysis of any anonymous data they have not destroyed on past gender verification tests so that the conclusions presented here may be tested further. Certainly, no convincing evidence has ever been presented to support their assertion that hyperandrogenism is responsible for performance advantage in female athletes [20, 21] .
IAAF and IOC Regulations on Female Hyperandrogenism
The regulations that were issued by the IAAF in 2011 [2] and the IOC in preparation for the 2012 Olympic Games in London [1, 38] represent a significant change to previous arrangements. The disorders subject to the new regulations are grouped under the heading of female hyperandrogenism, a term recently introduced to describe a syndrome in women characterised by hirsutism, acne, menstrual irregularity, various degrees of virilisation and subfertility [39] .
The most common condition in this category is polycystic ovary syndrome, and this is said to be a frequent cause of menstrual dysfunction among female athletes [40, 41] . The condition seems to be inherited as a simple dominant trait with variable expression, but whether the gene leads to a performance advantage in athletes is unknown. Other conditions such as 46,XY DSD, 46,XX DSD and androgenproducing tumours are also listed as subject to regulation. We are not aware of reports of elite athletes with congenital adrenal hyperplasia [42] , and testing for this seems unsupported [37] . With regard to androgen-producing tumours, one case in an elite 14-year-old athlete with extremely elevated androgens is reported in which the removal of the tumour and reduction of hormone levels to normal was not followed by any significant decrease in her muscle strength or her athletic performance [43] . New IAAF rules have also been introduced to apply to postpubertal athletes who have undergone sex reassignment from male to female [44] . The IAAF regulations confirm that compulsory gender verification is no longer required. Instead, all females suspected to have hyperandrogenism will be evaluated by an initial clinical examination with blood and urine hormone levels or, alternatively, by a full examination at a specialist referral centre. Affected individuals are expected to present themselves for investigation, or be referred by a medical officer during a routine health check at national level, or during doping controls, or by a challenge from a medical officer during competition. The main criterion for a diagnosis of hyperandrogenism is a test result indicating that the total testosterone level is above the minimum acceptable male level (10 nmol/l) [2] and is functional [1, 2] . The results of the initial investigation are to be submitted on an anonymous basis to an Expert Panel who will decide whether or not the athlete has hyperandrogenism, and will make a recommendation as to the athlete's eligibility to compete.
The regulations state (incorrectly) that elevated androgen production has performance enhancing effects and that this requires regulation [1, 2] . Therefore, to be allowed to complete, female athletes with testosterone levels above the minimum acceptable level must undergo treatment to reduce their level. Treatment implies orchidectomy or therapy with androgen inhibitors. We submit that it is unethical to pressurise athletes into accepting either of these measures. The only grounds for treatment are medical, such as the risk of gonadal cancer in 46,XY DSD cases. In all cases, the athlete should be assisted to live in the gender of her choice. There are four medical conditions that are likely to require investigation under current regulations: IAIS, 5a-reductase deficiency, ovotesticular DSD and postpubertal sex reassignment from male to female. In each of these four situations bilateral orchidectomy is usually required to allow the individual to live in the female gender and in most of the observed cases this has taken place before entering competition so that androgen levels are within acceptable levels. While it is accepted that exogenous testosterone is a banned substance under antidoping controls, hormone levels have no place in regulating female eligibility as endogenous testosterone is not a determinant of performance advantage. These current time-consuming regulations may also lead to unwelcome resurgence of innuendo in the media while athletes are temporarily suspended from competition [20] and to the coercion of female athletes into accepting gonadectomy and other treatments to which they might otherwise not have been subjected [16] . Our conclusions are supported by others who argue that these policies should be withdrawn on the grounds that they are not supported scientifically, are discriminatory towards women and place some female athletes at risk of unnecessary and potentially harmful investigations [16, [19] [20] [21] [45] [46] [47] .
Conclusion
It is evident that genetic variation plays a major role in the selection of individuals for training in athletics and in their success in competition. However, genetic variation is not grounds for determining who should compete in athletic events. The genetic component in the case of sex segregation in sport seems largely provided by the Y chromosome, yet governing bodies in sport have ignored the causal role of genetics in athletic performance. We find that there is no evidence to implicate testosterone and no rationale for any eligibility test based on female hyperandrogenism. Rather, tallness, whether determined by genes on the Y or any other chromosome, offers an example of an acceptable variable that contributes to athletic success in elite female athletes including those with 46,XY DSD. Athletes may still regard the current regulations as an important check against those who by virtue of their medical condition appear to have an unfair advantage. However, improved understanding about genetic factors that lead to selection in sport should offer reassurance that female athletes with hyperandrogenism do not possess any physical attribute relevant to athletic performance that is neither attainable, nor present in other women.
